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ABSTRACT

Three different cloud overlap schemes are applied to the International Satellite Cloud Climatology Project
(ISCCP) vertical distribution of clouds in the radiative transfer model from the National Aeronautics and Space
Administration Goddard Institute for Space Studies climate GCM to study the sensitivity of radiative fluxes and
atmospheric radiative heating rate profilesto variationsin cloud vertical structure. This study differsfrom previous
ones because the |SCCP dataset constrains the total column optical thickness of the clouds at each location, a
fact that is used to constrain cloud overlap occurrence. Moreover, this study considers the effects of cloud
vertical structure on both shortwave (SW) and longwave (LW) fluxes at the top of the atmosphere, at the surface,
and in the atmosphere. The in-atmosphere net fluxes are decomposed further into vertical profiles of radiative
heating and cooling rates. The results show that the changes in the top-of-atmosphere (TOA) and surface (SRF)
radiative fluxes vary among the different schemes, depending on the part of the atmosphere-surface system and
spectral band (SW and LW) considered, but that the magnitudes of the changes generally are small. The scheme
without a total optical thickness constraint produces opposite-signed changes in fluxes (except for the SRF LW
flux) and the profile of atmospheric radiative heating rate in comparison with the schemes with the constraint.
The constraint on total optical thickness eliminates nearly all of the effects on the total TOA and SRF radiation
budget, significantly reducing the frequency of layer overlap occurrence and thereby reducing the effect of
overlap on the radiative heating rate profiles. Even when the assumptions are changed to produce a frequency
of occurrence of multilayer clouds that is similar to other estimates, the resulting changes in the radiative heating
rate profile are quantitatively small. The magnitude of these changes is similar to the magnitude of the total
overal cloud effect, however, making the layer overlap critical to accurate determinations of the shape of the
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radiative heating rate profiles.

1. Introduction

Much effort has been devoted to investigating how
clouds affect the global radiative heating of the earth,
but the focus has been on cloud-induced changes of the
top-of-atmosphere (TOA) and/or the surface radiation
budgets (Barkstrom 1984; Harrison et a. 1990; Rossow
and Lacis 1990; Hartmann et al. 1992; Ockert-Bell and
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Hartmann 1992; Darnell et al. 1992; Rossow and Zhang
1995). A few studies have examined cloud effects on
the general circulation through their modification of the
radiative heating profile within the atmosphere (e.g.,
Freeman and Liou 1979; Slingo and Slingo 1988; Rand-
all et al. 1989; Wang and Rossow 1998). Currently avail-
able satellite analyses provide accurate information on
cloud-top heights, with some systematic errors, espe-
cialy for optically thin cirrus (cf. Minnis et al. 1993;
Liao et al. 1995b), but they do not provide any direct
information on cloud-base heights and generally assume
that all clouds are single layers.t Thus, calculations of

1 Some algorithms have been proposed to detect an optically thin,
high-level cloud layer over alow-level cloud layer using multispectral
methods (Baum et a. 1994; Jin and Rossow 1997).
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radiative fluxes that use the same assumption together
with climatological values of cloud layer thicknesses
show a negative bias in the downwelling longwave flux
at the surface because the average cloud-base altitude
istoo high (Zhang et al. 1995; Rossow and Zhang 1995).
Themain reason for thisbiasisthat an estimate of cloud-
base height based on cloud-top height and layer thick-
nesses does not account for the occurrence of multilay-
ered clouds, which often are observed (Warren et al.
1985; Wang and Rossow 1995; Wang 1997).

With the mean atmospheric temperature distribution
established by the interaction of total diabatic heating
and the atmospheric circulation, net radiative cooling
under clear conditions serves to stabilize the tropo-
sphere. Relative to the earth’s surface, however, the ra-
diative cooling of the troposphere createsinstability and
induces convection. Cloud modifications of this situa-
tion are complex, depending on the height and vertical
structure of the clouds. For example, Ramaswamy and
Ramanathan (1989) show that the longwave heating rate
within cirrus anvil clouds can range from alarge cooling
when they overlie optically thick clouds to alarge heat-
ing when no other clouds are below. Wang and Rossow
(1998) illustrate more effects of cloud-top height vari-
ations and the occurrence of two-layered clouds. Some
situations in their study (for example, moving a single-
layer cloud below the original global mean location or
inserting a lower cloud layer below a cloud layer at the
top of troposphere) tend to destabilize the atmosphere
and enhance moist convection.

Genera circulation model studies have formulated
this problem in terms of parameterizations of subgrid-
scale cloud layer overlap in their radiation schemes,
because these models generally predict cloud fractions
in each model layer independently without explicitly
specifying the relative geometry among multiple cloud
layers (Liang and Wang 1997; Morcrette and Fouquart
1986; Stubenrauch et al. 1997). Some studies confirm
that the radiation is sensitive to the cloud overlap as-
sumption used (Kuhn 1978; Stubenrauch et al. 1997).
The current study of cloud layer overlap effects differs
from previous ones? by considering both shortwave and
longwave fluxes at the top of the atmosphere, at the
surface, and in the atmosphere; by considering radiative
heating profiles; and by exploiting an extra piece of
information provided by the International Satellite
Cloud Climatology Project (ISCCP; Rossow and Schif-
fer 1991) cloud dataset. In addition to providing the
distribution of cloud-top locations, ISCCP also reports
the total column cloud optical thicknesses. This extra
information provides a strong constraint on simple cloud

2T. P. Charlock (1999, personal communication) considered the
effects of random or maximum cloud layer overlap assumptions on
surface longwave fluxes and longwave cooling rate profile of the
atmosphere using the ISCCP cloud dataset.
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layer overlap schemes that reduces the magnitude of its
effect.

In section 2, after describing the radiative transfer
model and datasets used in the cal culations, we consider
several constrained versions of the simple overlap as-
sumptions that have been suggested by observations (cf.
Warren et al. 1985; Tian and Curry 1989) and also their
unconstrained forms. Section 3 briefly examines the de-
gree to which changing cloud overlap alters the cal-
culated surface and TOA radiative fluxes and the total
in-atmosphere net radiative fluxes. In section 4 we il-
lustrate the effects of these different cloud overlap as-
sumptions on the calculated radiative heating rate pro-
files. Implications are discussed in section 5.

2. Radiative transfer model, cloud dataset, and
cloud layer overlap schemes

a. Radiative transfer model

The radiative transfer model used in these calcula-
tions is a modified version of the Goddard Institute for
Space Studies GCM (Hansen et al. 1983). The model
includes a detailed, spectrally dependent treatment of
surface reflection and emission, atmospheric gaseous
absorptions, and scattering by both gases and clouds
[see Zhang et al. (1995) for more details] to calculate
upwelling and downwelling, shortwave (SW; wave-
lengths 0.2-5.0 wm) and longwave (LW; wavelengths
5.0—200 pm) fluxes, and layer heating ratesasafunction
of atmospheric pressure. Although the cloud properties
are obtained from the ISCCP D1 dataset (see next sec-
tion), which reports both ice and liquid water clouds,
al clouds in the flux calculation model are considered
to be liquid water as in Zhang et al. (1995). This as-
sumption has the primary effect of underestimating the
scattering and absorption of SW by upper-level clouds
by about 10% (relative), because the retrieved optical
thickness of ice-phase clouds usually is smaller for the
same visible reflectance than it is for liquid droplet
clouds, but the scattering and absorption are slightly
larger for the same optical thickness (Mishchenko et al.
1996; Ho et al. 1998). Longwave fluxes arelesssensitive
to differencesin phase and particle size. The model does
not include the longwave scattering by clouds. This
omission mainly affects the results for thin cirrus clouds
in the infrared window region (Liou 1986; Toon et al.
1989; Fu et al. 1997), because the scattering effect of
clouds is generally small in the longwave. All these
biases are not as important when examining sensitivity
to vertical structure changes, because our comparisons
are made relative to single-layer calculations using the
same assumptions. For the purpose of this study, the
model is adjusted to allow for more than one cloud layer
to occur in a column according to the fractional areal
coverage determined by the satellite observations to-
gether with the overlap assumptions described below.
All radiative fluxes are calculated first for each com-
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bination of vertical structure, assuming complete over-
cast, and for clear sky (whether there is any or not) and
then are averaged together, weighted by the actual area
fractions, to obtain the total flux profiles. The vertical
divergences of shortwave and longwave fluxes in each
layer of the atmosphere also are determined this way to
give the shortwave heating rate and the longwave cool-
ing rate profiles.

b. Cloud dataset

The global distributions of surface, atmosphere, and
cloud properties are taken from the ISCCP D1 dataset
(Rossow et al. 1996) supplemented by other datasets as
needed [see Zhang et al. (1995) for a more complete
description of all the datasets used]. The ISCCP D1
product is a revision of the C1 product (Rossow and
Schiffer 1991) to improve cirrus detection and property
retrievals and to give more complete cloud-type infor-
mation. The cloud properties, including cloud-cover
fraction (C,), cloud-top pressure (P.) and temperature
(T.), and cloud optical thickness (7), and water path, are
available every 3 h at 280-km resolution over the whole
globe. In addition to the area-average cloud parameters
within each map grid box, the distribution of cloud pa-
rameters is reported also in terms of 15 cloud types,
defined by three intervals of cloud-top pressure, three
optical thickness categories, and the phases of the cloud
particles. Because cloud optical thicknesses are deter-
mined from visible radiance measurements, which are
available only during daytime, and the cloud-top tem-
perature is more accurately determined as a function of
optical thickness (Rossow et al. 1996), nighttime cloud-
type information is refined by interpolating between
daytime cloud observations to complete the diurnal cy-
cle. The interpolation procedure involves two steps, as
follows. 1) The nighttime values of optical thickness
and top temperature for individual cloud types are set
to the nearest corresponding daytime values. 2) The
relative proportions of theindividual cloud typeswithin
each pressure category during daytime are used to scale
the nighttime cloud fraction for the same pressure cat-
egory (if no measurement of nighttime total cloud frac-
tion is available, the fractions of each nighttime cloud
type are set equal to the corresponding val ues of nearest
daytime observation). Missing daytime observationsoc-
casionally are filled in the same way. For the map grid
boxes that have no cloud observations for the whole
day (e.g., in the polar regions in some seasons), no
calculations are performed.

The computational resources available for this study
precluded calculations that cover extensive periods of
time. Because this study is intended to examine only
the sensitivity of radiative fluxes and atmospheric heat-
ing rate profilesto variationsin cloud vertical structures,
with emphasis on the consequences of violating the con-
servation of vertically integrated cloud optical thick-
ness, we perform calculations on only 4 days of data.
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Because the magnitude of the cloud radiative effects
also depends on the properties of the surface and at-
mosphere, particularly their seasonal variations, and on
the seasonal variation of solar insolation, however, we
choose 4 specific days (1 from each season) from the
D1 dataset to provide a representative sample of the
large-scale variations of cloud properties, surface and
atmospheric temperatures, humidity, and solar zenith
angles: 15 January, 15 April, 15 July, and 15 October
1991.

For simplicity, we combine the 15 cloud types into
3 cloud types: low, middle, and high (low cloud is de-
fined by cloud-top pressure P, > 680 mb, middle cloud
by 440 < P_. = 680 mb, and high cloud by P, = 440
mb); average optical thicknesses and top temperatures
are determined with a radiative weighting (cf. Rossow
et a. 1996). Cloud-base pressures are determined from
cloud-top pressures for the three cloud types using a
climatology of cloud layer thickness, whichisafunction
of cloud-top height, latitude, and season based on ra-
winsonde and surface observations (Poore et al. 1995;
Wang and Rossow 1995).

c. Cloud layer overlap schemes

Satellite observations from above the clouds report
only the cloud-top pressure of the first cloud layer en-
countered going downward from the top of the atmo-
sphere.® The ISCCP cloud statistics are determined as-
suming no cloud layer overlap; that is, the cloud
amounts at each level are the actual amounts seen by
the satellite. For example, if high-level cloud cover is
complete, zero cloud amounts at lower levels will be
reported. To obtain a better vertical distribution of cloud
layers from the satellite results, we can try simple cloud
layer overlap rules that have been suggested by obser-
vations: random overlap (Warren et al. 1985) and a mix
of random and maximum overlap (Tian and Curry
1989). Note that such an approach cannot work if the
dataset represents too small a sample to include some
indication of the cloud layers actually present. For ex-
ample, if the area considered istoo small, the likelihood
of detecting more than one cloud layer is reduced. For
the ISCCP map gridbox size, about 75% of all boxes
detect the presence of at least two cloud layers. The
opposite extreme of the original ISCCP statistics is to
assume maximum overlap, meaning that detected lower-
level clouds are assumed to be present below any de-
tected upper-level clouds. Random overlap and the
mixed random-maximum overlap will produce results
that are intermediate between maximum and no overlap,
so we consider only maximum and random overlap as

3 Surface observations have a similar problem with a bottom-up
view, but the climatology reported by Warren et a. (1986, 1988)
alters the estimates of upper-level cloud amounts by using a kind of
random overlap assumption.
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Fic. 1. Schematic showing how the constraint-1 overlap scheme changes the cloud vertical distribution within a model grid box. In this
figure, «, B, and y denote the optical thicknesses of the high-, mid-, and low-level cloud, respectively, where a = B + Ty @d B = y
+ Taesoa- (2) Before overlap, (b) after overlap using maximum rule, and (c) after overlap using random rule.

compared with no overlap. Because we do not know
whether such an approach is correct, our only purpose
is to test how sensitive the radiative fluxes and heating
rate profilesareto different cloud layer overlap schemes.

If two cloud layers are present in a D1 grid box,
maximum overlap requires all of the upper-level cloud
to be underlain by the lower-level cloud, so the area
fraction of lower-level cloud is increased by an amount
equal to the amount of upper-level cloud (cf. Fig. 1b).
For random overlap, the total amount of lower-level
cloud is renormalized to the fraction of the total area
actually observed. For example, if the observed upper-
level and lower-level cloud fractions are C, and C,,
defined in terms of the total area, then the fraction of
the lower level that is actually seen is1 — C,. The
lower-level cloud fraction then is increased to C,/(1 —
C,). Thus, the amount of lower-level cloud underlying
the upper-level cloud is given by C,C,/(1 — C,) (cf.
Fig. 1c).

If we use no other information, then maximum and
random overlap constitute a set, referred to as the ‘' no
constraint” set. Using the total column cloud optical
thickness observed by ISCCP as a constraint on the
allowed overlaps defines two other sets, called *‘ con-
straint 1"’ and ‘““constraint |1.” Thus, we have seven
overlap schemes: no overlap, random or maximum over-

lap with no constraint, random or maximum overlap
with constraint I, and random or maximum overlap with
constraint 1.

The idea behind the constraint-1 scheme is very sim-
ple. If there are two cloud layers occurring simulta-
neously in one map grid box (280 km in size), and the
optical thickness of the lower-level cloud is larger than
that of the upper-level cloud, then the upper-level cloud
could not be the result of an optically thinner cloud
overlying a similar lower-level cloud. For this result to
be true, the optical thickness of the upper-level cloud
must exceed that of the lower-level cloud. Thus, in the
constraint-1 scheme, overlapping of cloud layers that
occur together, whether random or maximum, is not
allowed unless the optical thickness of the upper-level
cloud exceeds that of the lower-level cloud by at least
a prescribed positive threshold value 7y,eqqq- ThiS Op-
tical thickness constraint limits the number of map grid
boxes in which cloud overlapping occurs, becoming a
more restrictive limit as the threshold value increases
(e.g., on average, cloud overlap occurs in about 45% of
all boxes when 7,..0q = 0.01 and in about 38% of all
boxes when Ty,.q¢ = 0.5 a any given measurement
time). If overlap is allowed, then the fractional area of
the lower-level cloud that underlies the upper-level
cloud is determined by either a random or maximum
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overlap rule as before. The cloud-top temperature and
optical thickness of the underlying cloud layer are the
same as the observed lower-level clouds, consistent with
the assumption determining the constraint. The top tem-
perature of the upper-level cloud with a cloud below is
as observed, and its optical thicknessthenis set to 7.
— T.ower 1O CONServe total optical thickness. The prop-
erties of the single-layer clouds are the same as observed
directly. Figure 1 illustrates how the maximum and ran-
dom constraint-1 overlap schemes work for a map grid
bOX With Tyigncious = Tmiddiectoud T Titresnoia @A Trigaieciou
= Tiowadoud T Tiresnaid- With the maximum overlap rule,
a map grid box observed to contain three cloud layers
together (for simplicity, this is the maximum possible)
can be divided into four partitions, namely, one partition
with only one cloud layer, one partition with two over-
lapping cloud layers, one partition with all the three
cloud layers overlapping each other, and a clear-sky par-
tition, if there is any (Fig. 1b). For random overlap,
there can be eight partitions corresponding to different
vertical distributions of cloud layers, namely, three par-
titions with only one cloud layer each, three partitions
with two overlapping cloud layers, one partition with
all three cloud layers overlapping each other, and aclear-
sky partition (Fig. 1c). Note that this scheme differs
from that used by Ridout and Rosmond (1996) and oth-
ers, because layer overlap is constrained to conserve
vertically integrated cloud optical thickness.

The constraint-11 scheme allows overlapping of two
cloud layers observed together whenever the optical
thickness of the upper-level cloud exceeds a prescribed
minimum value 7,..q- IN this case, the upper-level
cloud optical thickness need not be larger than that of
the lower-level cloud. This optical thickness constraint
also limits (but to a lesser degree in comparison with
the constraint-1 scheme as long as the 7y,eqqq 1S 1€SS
than the average optical thickness value of the lower-
level clouds) the number of map grid boxes in which
cloud overlapping occurs, becoming a more restrictive
limit as the threshold value increases (e.g., on average,
cloud overlap occurs in about 75% of all boxes when
Twresnoia = 0-01 and in about 70% of all boxes when
Twresnoida = 0.5 @ any given time). For that part of the
upper-level cloud that is underlain by a lower-level
cloud, the optical thickness of the upper cloud is set to
Twresroia @Nd the top temperature is as observed. The
optical thickness of the underlying cloud layer then is
Set 10 Typper — Tinresnoia 1O CONSErve total optical thickness,
the top temperature of the lower layer is as observed.
The fraction of the upper-level cloud with another layer
below is determined by either a maximum or random
overlap rule as described above.

The no-constraint scheme, which allows overlap (ei-
ther random or maximum) whenever two (or more)
cloud layers occur together in the same map grid box
(on average, this happens in about 75% of all boxes at
any one time, as mentioned before) and without regard
to conserving total optical thickness, maximizesthefre-
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TABLE 1. Summary of experiments discussed in the text.

Experiment
MEAN

Description

Radiative fluxes are computed once for the mean
cloud properties (C;, 7, and T,)

Radiative fluxes are computed separately for each
of the nine ISCCP cloud types (cirrus, cirro-
stratus, deep convective, altocumulus, altostra-
tus, nimbostratus, cumulus, stratocumulus, stra-
tus), and the results are averaged linearly to
obtain the total fluxes

Radiative fluxes are computed separately for each
of the three cloud types (high, middle, and low
cloud) then linearly averaged

Overlap experiment using constraint-l scheme and
random rule with 7,.q Of 0.5. Radiative flux-
es are computed separately for each different
distribution of the cloud layers, and the results
are averaged linearly to obtain the total fluxes

Constraint-1 scheme, random rule with 7,eqq Of
0.01

Constraint-I scheme, maximum rule with 7,eqqq
of 0.5

Constraint-I scheme, maximum rule with 7,cqoq
of 0.01

Constraint-11 scheme, random rule with 7,,e0q Of
0.5

Constraint-11 scheme, random rule with 7, e0q Of
0.01

Constraint-11 scheme, maximum rule with 7, e0q
of 0.5

Constraint-11 scheme, maximum rule with 7, eoq
of 0.01

No-constraint scheme, random rule

No-constraint scheme, maximum rule

TYPE9

TYPES

1C0.5RAN

1C0.01RAN

1C0.5MAX

1C0.01IMAX

2C0.5RAN

2C0.01RAN

2C0.5MAX

2C0.0IMAX

NCRAN
NCMAX

guency of overlap possible with the ISCCP dataset and
illustrates the consequences of violating the conserva-
tion of cloud optical thickness, as some investigators
have done. In this scheme the overlapping cloud layers
retain the same cloud optical thickness and top tem-
perature values as are observed. This approach system-
atically increases the total cloud optical thickness.
Table 1 summarizes the experiments performed with
al of these overlap schemes to test the sensitivity of
the radiative fluxes and heating rate profiles to the as-
sumed cloud vertical structure. Although none of these
overlap schemes is completely justifiable from obser-
vations of the actual cloud layers (Tian and Curry’s
result is based on observations for one location and
season: midlatitude winter ocean), these schemes do
cover the whole possible range of changes in lower-
level cloud amounts that are consistent with the surface
observations, providing a meaningful estimate of the
sensitivity of the radiation to cloud vertical structure.
Figure 2 shows the global frequency, averaged over
al 4 days, of single-layer, two-layer, and three-layer
clouds produced by the three overlap schemes, using
both random and maximum rules, together with the 5-yr
(1991-95) climatological, global mean frequency de-
termined from rawinsonde profiles of humidity (Wang
1997). In the case of the 7-constrained overlaps, the
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Fic. 2. Globa “annual’ (4-day average) mean frequency of single-layer (SL), double-layer (DL), and triple-layer (TL) clouds produced
by each group of overlap schemes as a function of 7. SOlid triangles denote the corresponding frequencies from rawinsonde analysis

(Wang 1997).

results are shown as a function of the value of 7,eoia;
the no-constraint case is equivalent to T enoq = 0 USING
the constraint-I11 scheme, and the nonoverlap case gives
asingle-layer frequency of 1.0. As expected, larger val-
ues of Tuenoq Feduce the frequency of multilayered
clouds. Comparison of these frequencies with those de-
termined from rawinsonde profiles of humidity shows
that smaller values of 7,4 Yi€ld the better agreement.
Maximum constraint | with 7 echo1d 0.01
(1C0.01MAX) underestimates the frequency of multi-
layered clouds (defined as multilayered cloud fraction
normalized by total cloud fraction), yielding 30% as
compared with 43% from the rawinsonde data.* The
maximum no-constraint experiment (NCMAX) and the
equivalent maximum constraint-11 experiment with
Twresoida = 0.01 (2C0.01IMAX) overestimate the fre-
quency of multilayered cloud (52% as compared with

4 Note that our number (43%) is slightly less than the number (46%)
that appeared in Wang (1997), because we treat a multilayer cloud
formed from the cloud layers within the same height category as a
single-layer cloud for consistency with our overlap schemes.

43%), however, as does the maximum constraint-11 ex-
periment with 7, eqq = 0.5 (2C0.5MAX) (48% as com-
pared with 43%). Because most experiments underes-
timate the global frequency of multilayered clouds in
comparison with those determined from rawinsonde
profiles of humidity, we isolate those locations where
cloud structure changes (i.e., those map grid boxes
where cloud overlap occurs) rather than looking at glob-
a or even zona mean changes. In other words, un-
changed locations are excluded from the averagesunless
otherwise noted.

Figure 3 compares the 4-day-averaged, zonal mean,
mid-, and low-layer cloud amounts obtained from
ISCCP by using two of the overlap schemes with the
mid- and low-layer cloud amounts based on surface ob-
servations (Warren et al. 1986, 1988), also illustrating
the sensitivity to the value of 7yeq0q- The constraint-1
scheme (either random or maximum, Ty eqoq = 0.01)
produces the best match to the latitude variations of the
surface-based low-level cloud amounts but generally
underestimates the midlevel cloud amount slightly (Fig.
3a). Use of a larger value of 7eqq (NOt shown) in-
creases the differences, producing underestimates of



15 Aucust 2000

(@)

Cloud Amount

Cloud Amount

—
O
~

08

Cloud Amount

Cloud Amount

@©
(=

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

CHEN ET

AL.

Middle Cloud

Cloud Amount

08

0.6

0.2

Middle Cloud

Latitude

0.0

Latitude

Low Cloud

{Constraint-l, Random, 0.01)

Cloud Amount

038

0.4

0.2

Low Cloud

{Constraint-l, Maximum, 0.01})

-50 0 50
Latitude

0.0

-50 ] 50
Latitude

Middle Cloud

Cloud Amount

0.8

0.6

04

Middle Cloud

Latitude

0.0

Latitude

- Low Cloud

(Constraint-1!, Random, 0.5)

L L L

Cloud Amount

0.8

0.4

Low Cloud

(Constraint-1l, Random, 0.01)

L i '

-50 0 50
Latitude

0.0

-50 0 50
Latitude
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both low-level and midlevel cloud amounts. Therandom
constraint-1l scheme (for 0.5 = 7,.qqq = 0.01) pro-
duces a better match for midlevel cloud amounts but
overestimates low-level cloud amounts (Fig. 3b). The
maximum constraint-Il scheme (not shown) overesti-
mates both low-level and midlevel cloud amounts for
0.5 = Tyreqoa = 0.01 by much larger amounts. Nev-
ertheless, all of these comparisons show that the layer
cloud amounts produced by applying these different
schemes to the ISCCP D1 dataset are in a sufficiently
realistic range to evaluate the importance of cloud layer
structure on the radiation budget. Also, note that the
ISCCP high-cloud amounts agree well with the surface
observed high-cloud amounts (not shown), with a mean
difference less than 0.01 and rms error of ~0.04 (al-
though both datasets actually underestimate high-cloud
amounts for different reasons; cf. Rossow et al. 1993;
Liao et al. 1995a; Jin et a. 1996; Stubenrauch et al.
1999; Wang et al. 2000).

3. Sensitivity of cloud radiative effects to
variations in the cloud layer overlap

In this section we consider the sensitivity of the cloud
radiative effect (CRE = total sky minus clear sky) on
fluxes at TOA, the surface (SRF), and in the atmosphere
(ATM = TOA minus SRF) to changes in the assumed
vertical structure of the clouds. By comparing fluxes
obtained using the overlap assumptions described above
with those obtained using a treatment with single-layer
clouds and no overlap (e.g., Darnell et al. 1992; Zhang
et al. 1995), we can estimate possible errors produced
by neglecting the vertical structure of the clouds. Figure
4 and Tables 2—4 summarize the global mean changes
of the SW and LW CREsfor all the overlap experiments
relative to the reference nonoverlap counterpart
(TYPE3). Figure 4 shows the averages of only changed
locations for each individual day; Tables 2—4 show the
global 4-day averages of both changed locations and all
locations. For the daily mean calculation, a map grid
box is considered to be a changed location as long as
cloud overlap occurs in at least one out of the eight
times per day. Thus, a large portion of al boxes are
considered to be changed locations, for example, 61%—
67% in the constraint-I experiments and 85%—90% in
the constraint-I1 and no-constraint experiments. Also
shown are the changes in the fluxes produced by cal-
culating the fluxes with a separate treatment of nine
cloud types (TYPE9), as in a companion paper (Chen
et al. 2000), instead of a single-average cloud layer
(MEAN) as done by Zhang et al. (1995). Because the
day-to-day variation of the flux changes is small (Fig.
4), the numbers cited in the text below are 4-day-av-
eraged results (unless otherwise indicated).

a. Top of atmosphere

For the SW CRE at TOA (Fig. 4 and Table 2), the
overlap experiments using the constraint-l scheme
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(1C0.5RAN to 1C0.01MAX) cause slightly more sun-
light to be absorbed by the earth—atmosphere system in
comparison with the nonoverlap counterpart (TY PE3);
global mean differences range from 0.6 to 0.9 W m—2
(0.3-0.6 W m~2) for changed (all) locations. This mag-
nitude is about the same as the effect of treating indi-
vidual cloud types (TYPE9 or TYPE3) as compared
with an average single cloud layer (MEAN). The over-
lap experiments using the constraint-1l scheme
(2C0.5RAN to 2C0.01MAX) have a similar but larger
effect, ranging from 1.7 to 2.4 W m~2 (1.4-2.2 W m~2)
for changed (all) locations. This change arises for both
T-conserving overlap schemes (constraint-1 and
constraint-11) because they both reduce (by different
amounts) the optical thickness of the high-level clouds,
although preserving the total optical thickness, which
allows more SW to be absorbed by water vapor at lower
levels. In fact, this effect is enhanced by increased low-
level clouds that reflect some of the photons upward,
back through overlying water vapor; two cloud layers
would also increase the number of photons that pass
through the intervening water vapor layer more than
twice. Thisfact explainsthe greater increase of absorbed
SW in the constraint-11 experiments, because this over-
lap scheme reduces the upper-level optical thicknesses
more than does constraint-1. Without a constraint on
total optical thickness (the no-constraint schemes,
NCRAN and NCMAX), creating overlapping cloudsin-
creases the total optical thickness and diminishes the
absorbed SW radiation at TOA by 9.9 and 14.6 W m~—2
(8.9 and 13.1 W m~2, about 20% of the global mean
TOA SW CRE) for changed (all) locations. Thus, chang-
ing the cloud vertical structure while conserving the
total cloud optical thickness produces only very small
changes in the TOA net SW fluxes, but, if cloud over-
lapping is done without conservation of total optical
thickness, significant (and opposite signed, as compared
with the r-conserving overlap schemes) errors in the
TOA SW flux will be introduced.

For the LW CRE a TOA (Fig. 4 and Table 2),
T-conserving overlap schemes increase the LW radia-
tion loss from the earth—atmosphere system (i.e., de-
crease the TOA LW CRE); however, the constraint-I
scheme causes only small changes, from 1.7 to 3.3 W
m~2(1.0-2.3 W m~2) for changed (all) locations, where-
as the constraint-11 scheme causes much larger changes,
from 6.8 to 11.8 W m~2 (5.7-10.7 W m~2) for changed
(al) locations. Again, the effect can be explained by the
thinning of the high-level clouds when 7 is conserved
with layer overlaps, allowing more LW radiation to es-
cape to space from the lower atmosphere. The larger
changes in the constraint-11 experiments arise from the
small values of 7,e0q, Which correspond to small LW
emissivities (e.g., 7 = 0.5 is equivalent to an emissivity
of about 0.2 at 11-um wavelength). The changesin LW
CRE at TOA without an optical thickness constraint
(NCRAN and NCMAX) are much smaller (0.9 and 1.6
W m-2 for changed locations, 0.8 and 1.4 W m~2 for
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Fic. 4. Global mean CRE differences (W m~2) between the six overlap experiments and the nonoverlap counterpart
(TYPES3) (overlap minus nonoverlap; unchanged locations excluded), together with the CRE differences between two
nonoverlap experiments (TYPE9 and TY PE3) and an experiment using the mean cloud properties (MEAN) (nonoverlap
minus MEAN; all locations). (a) SW CRE at TOA, (b) LW CRE at TOA, (c) SW CRE in the atmosphere, (d) LW CRE
in the atmosphere, (¢) SW CRE at the surface, and (f) LW CRE at the surface. Individual daily results (O: 15 Jan
1991; A: 15 Apr 1991; +: 15 Jul 1991; X: 15 Oct 1991) are shown here.
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TABLE 2. Global annual (4-day averaged) mean differences and their standard deviations (in parentheses) of the calculated shortwave (SW),
longwave (LW), and total (TL, i.e., SW plus LW) cloud radiative effects (CRE; W m~2) at TOA between various experiments (for both

changed locations and all locations).

Changed All
CRE at TOA SwW LW TL SwW LW TL
TYPE9 — MEAN — — — 0.0 (1.0) —0.8 (2.6) —-0.8 (2.5)
TYPE3 — MEAN — — — 0.4 (0.7) 0.5 (2.4) 0.9 (2.2)
1C0.5RAN — TYPE3 0.6 (0.9) -1.7 (2.9) -1.1(2.3) 0.3 (0.7) —1.0 (2.4) —-0.7 (1.9)
1C0.01RAN — TYPE3 0.7 (1.0) -2.3(3.9) -1.6 (3.1) 0.5 (0.9) —1.5(3.4) -1.0 (2.7)
1C0.5MAX — TYPE3 0.8 (1.1) —2.4 (3.6) —1.6 (2.9) 0.5 (0.9) -1.5(3.1) —-1.0 (2.4)
1C0.0IMAX — TYPE3 0.9 (1.2) -3.3(4.9) —2.4 (4.0) 0.6 (1.1) -2.3(4.3) -1.7 (3.5)
2C0.5RAN — TYPE3 1.7 (2.4) —-6.8 (9.3) —5.1(7.3) 1.4 (2.3) —5.7 (8.9) —4.3(7.0)
2C0.01RAN — TYPE3 2.0 (2.8) —9.4 (12.7) —7.4 (10.3) 1.8 (2.7) -85 (12.3) —6.7 (10.1)
2C0.5MAX — TYPE3 2.0 (2.5) —8.3 (10.1) —6.3(8.1) 1.7 (2.4) —7.1(9.8) —5.4 (7.8)
2C0.01IMAX — TYPE3 2.4 (2.9) —11.8 (14.0) —9.4 (11.5) 2.2 (2.8) —10.7 (13.7) -85 (11.3)
NCRAN — TYPE3 —9.9 (11.8) 0.9 (1.3) —9.0 (11.2) —8.9 (11.6) 0.8 (1.3) —8.1 (10.9)
NCMAX — TYPE3 —14.6 (14.6) 1.6 (2.0) —13.0 (13.6) —13.1 (14.5) 1.4 (2.0) —11.7 (13.5)

al locations), because the optical thicknesses of the
higher-level clouds are unchanged, and the addition of
lower-level cloud underneath has little effect on the
TOA LW fluxes.

b. Surface

Figure 4 aso shows the global mean differences of
CREs at the surface between the various overlap ex-
periments and the reference nonoverlap case (see also
Table 3). Aswith the SW CRE at TOA, the surface SW
CRE for the 7-conserving experiments is virtually un-
changed when various amounts of cloud layer overlap
are introduced. Because the cloud optical thicknesses
are kept constant, the small changes are associated with
the changing relationship of the cloud layers and the
water vapor. On the other hand, without the T-constraint
(NCRAN and NCMAX), increased total cloud optical
thickness, produced by overlapping layers, markedly re-
duces the net surface SW by 10.2 and 15.0 W m~2 (9.2
and 13.5 W m~2) for changed (all) locations.

All the overlap experiments produce increases of the
surface LW CRE in comparison with the nonoverlap
case (TYPE3), ranging from only 2.3 W m=2 (1.4 W

m-2) in 1C0.5RAN to 7.7 W m=2 (7.0 W m=2) in
NCMAX for changed (al) locations. This increase re-
sults directly from the increase in low- and midlevel
cloud cover, producing lower average cloud-base
heights in the overlap experiments. This effect islarger
over land than over ocean, because the overlap schemes
produce arelatively larger change in low- and midlevel
clouds over land for which there was much lessto begin
with (Fig. 5), and because higher humidity (both relative
and absolute) at the surface of the ocean reduces the
effect of lowering the cloud bases.

c. In atmosphere

The in-atmosphere CRE is given by the difference
between the TOA and surface CREs, providing an in-
dication of how clouds affect the radiation budget of
the entire atmospheric column from TOA to surface.
Introducing cloud overlap increases the in-atmosphere
SW CRE by only 0.3 W m~2 (0.3 W m~2) in NCRAN
t0 22 W m-2 (2.0 W m=2) in 2C0.0IMAX for changed
(al) locations (Fig. 4 and Table 4); this small range is
sufficient to change the sign of the in-atmosphere SW
CRE from negative to positive, however. Asthe amount

TABLE 3. Same as Table 2 but at the surface.

Changed All
CRE at the surface SwW LW TL SW LW TL
TYPE9 — MEAN — — — —-0.3 (1.0) -1.1(1.9) —1.4 (2.0)
TYPE3 — MEAN — — — 0.3 (0.4) -0.1(1.2) 0.2 (1.2)
1C0.5RAN — TYPE3 0.0 (0.1) 2.3 (3.3) 2.3 (33) 0.0 (0.2) 1.4 (2.8) 1.4 (2.8)
1C0.01RAN — TYPE3 0.0 (0.1) 2.4 (3.4) 2.4 (3.4) 0.0 (0.1) 1.7 (3.0 1.7 (3.0)
1C0.5MAX — TYPE3 0.0 (0.1) 33 (4.2 33 (4.2 0.0 (0.2) 2.0(3.7) 2.0 (3.7)
1C0.01IMAX — TYPE3 0.0 (0.2 3.5 (4.3) 3.5 (4.3 0.0 (0.1) 2.3 (3.9 2.3 (3.9
2C0.5RAN — TYPE3 0.1 (0.2) 3.5 (4.6) 3.6 (4.7) 0.1(0.2) 3.0 (4.4) 3.1 (4.5)
2C0.01RAN — TYPE3 0.2 (0.4) 3.6 (4.6) 3.8 (4.8) 0.2 (0.4) 3.3 (4.5 3.5 (4.7)
2C0.5MAX — TYPE3 0.1 (0.2) 4.6 (5.5) 4.7 (5.6) 0.1 (0.2) 3.9 (5.3) 4.0 (5.4)
2C0.0IMAX — TYPE3 0.2 (0.4) 4.9 (5.7) 5.1 (5.8) 0.2 (0.4) 4.4 (5.6) 4.6 (5.8)
NCRAN — TYPE3 -10.2 (12.1) 5.1 (5.4) —5.1 (9.5) —-9.2 (11.9) 4.6 (5.3) —4.6 (9.2)
NCMAX — TYPE3 —15.0 (14.8) 7.7(7.2) -7.3(11.7) —13.5 (14.8) 7.0(7.2) —6.5 (11.3)
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Fic. 5. Zonal averages of middle cloud amount (upper panels), low cloud amount (middle panels), and surface LW
CRE (lower panels; W m~2). Solid lines are for the overlap experiment 1C0.01MAX. Dashed lines are for the nonoverlap
counterpart TY PES3. Left panels: over land. Right panels: over ocean. One day (15 Apr 1991) only.

TABLE 4. Same as Table 2 but in the atmosphere.

Changed All

CRE in the atmosphere SW LW TL SW LW TL
TYPE9 — MEAN — — — 0.3 (0.7) 0.3 (3.2 0.6 (3.0)
TYPE3 — MEAN — — — 0.1 (0.5) 0.6 (2.9) 0.7 (2.7)
1C0.5RAN — TYPE3 0.6 (0.9) —4.0 (5.6) —3.4(4.9) 0.3 (0.7) —2.4 (4.8) -21(4.2)
1C0.01RAN — TYPE3 0.7 (1.0) —4.7 (6.5) —4.0 (5.8) 0.5 (0.9) -3.2(5.9) -27(5.2)
1C0.5MAX — TYPE3 0.8 (1.0 —5.7 (7.0) —4.9 (6.2) 0.5 (0.9) -3.5(6.1) -3.0 (5.4)
1C0.01IMAX — TYPE3 0.9 (1.1) -6.8 (8.2) -5.9 (7.3) 0.6 (1.0 —4.6 (7.4) —4.0 (6.6)
2C0.5RAN — TYPE3 16 (2.2 —10.3 (13.3) -8.7 (11.4) 13 (2.1 -8.7 (12.7) —7.4 (10.9)
2C0.01RAN — TYPE3 1.8 (2.5) —13.0 (16.6) —11.2 (14.5) 1.6 (2.5) —11.8 (16.3) —-10.2 (14.2)
2C0.5SMAX — TYPE3 19 (2.3 —12.9 (14.8) —11.0 (12.9) 16 (2.2 —11.0 (14.4) —9.4 (12.6)
2C0.0IMAX — TYPE3 2.2 (2.6) —16.7 (18.7) —14.5 (16.4) 2.0 (2.6) —15.1 (18.4) —13.1 (16.2)
NCRAN — TYPE3 0.3 (0.5) —4.2 (4.7) -3.9 (4.9 0.3 (0.5) —3.8 (4.6) —3.5 (4.9
NCMAX — TYPE3 0.4 (0.60) —6.1(6.2) -5.7 (5.9) 0.4 (0.6) —5.6 (6.2) -5.2(5.9)
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FiG. 6. Cross section of annual (4-day average), zonal average atmospheric radiative heating rates (K day 1) for clear-sky conditions, all
locations included. Left panels are for SW heating rates; right panels are for LW heating rates.

of lower-level cloudinessisincreased, thein-atmosphere
SW CRE increasesto —0.8 W m~2in NCRAN and 1.1
W m-2in 2C0.01IMAX from —1.1 W m~2in the non-
overlap counterpart (TYPE3). Rossow and Zhang
(1995) found a global, annual mean value of —1.6 W
m-~2 by calculating the fluxes with asingle average cloud
layer. Although the small magnitude of the changes on
average indicates that the SW absorption in the atmo-
sphere is insensitive to the presence of clouds, local
values of the CRE changes can exceed 10 W m—2. Note
that this result does not imply small cloud absorption
of SW but arises from a cancellation between the in-
creased SW absorption by the clouds together with the
atmospheric layer above and the decreased absorption
by the atmospheric layer below when clouds are present
(Rossow and Zhang 1995). The increase of in-atmo-
sphere SW CRE with T-conserving overlap experiments
can be explained by the same mechanisms discussed for
TOA SW CRE. Theincrease of in-atmosphere SW CRE
with no-constraint experiments arises primarily because
more SW radiation is now reflected and absorbed by
stratospheric ozone because of the increased reflectance
from the added lower-level clouds. More detailed dis-
cussion of this issue is given in the next section, but,
for now, it may be noted that the biggest change in the
atmospheric column SW CRE is from one of the
7-conserving schemes, namely, constraint I1. In other
words, although the increase in lower-level cloud cover
is larger when no constraint on optical thicknessis ap-
plied, the overall effect on in-atmosphere SW CRE hap-
pens to be nearly zero. Note that we are treating the
upper-level clouds as liquid water instead of ice, and
correction for this error would change only slightly the
quantitative results presented here.

The LW CRE in the atmosphere aso balances two
opposing effects (Rossow and Zhang 1995): adding
clouds can reduce the overall emission temperature and
LW flux, especidly if they are at a higher level than
the bulk of the water vapor, but also can increase the
average emissivity (and the LW flux) of the atmosphere,
especialy in the water vapor window. The magnitudes
of these two effects vary with the height of the cloud
layers. Figure 4 and Table 4 show that, as cloud overlap
is introduced in the various experiments, the global
mean in-atmosphere LW CRE decreases (increased
cooling) by amounts ranging from 4.0 W m-2 (2.4 W
m-2) in 1C0.5RAN to 16.7 W m=2 (151 W m~2) in
2C0.01MAX for changed (all) locations. For the
T-conserving overlap experiments, this effect is caused
by the progressive shift of the center of cloud mass to
lower altitudes where the temperature is higher, leading
to increased LW emission by the atmosphere at TOA
and decreased LW absorption from the surface. For the
no-constraint experiments, the enhanced LW cooling is
due to the increased LW emission from adding extra
relatively warm low-level clouds. Again the biggest
changes in the atmospheric LW CRE are from the
constraint-11 experiments, not the experiments without
a constraint on optical thickness applied.

4. Effect of cloud layer overlap on atmospheric
radiative heating profiles

The in-atmosphere CRE shown in the previous sec-
tion is the vertical integral over the whole atmosphere
of the cloud-induced changes of the vertical radiative
flux divergence. Radiative heating drives the atmo-
spheric circulation through horizontal and vertical gra-
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FiGg. 7. Cross section of annual (4-day average), zonal average CRE on atmospheric radiative heating rates (K day ) for single-layer,
nonoverlap experiment (MEAN), al locations included. Left panels are for SW heating rates; right panels are for LW heating rates.

dients of the volume radiative heating rate given by the
flux divergences. In this section, we consider the effects
of varying cloud vertical structure on profiles of radi-
ative heating rate (vertical flux divergence) and their
variation with latitude.

As a reference, Fig. 6 shows the 4-day and zonally
averaged SW and LW heating profiles for clear-sky con-
ditions.®> Troposphere (surface to 100 mb) and strato-
sphere (100 mb and above) are presented separately.
Several features are notable. 1) The SW heating rate
peaks at midtropospheric levels near the equator (about
0.8 K day~*) (Chapman profile; Wallace and Hobbs
1977). The pronounced hemispheric asymmetry in the
SW heating profile, particularly near the surface, is
caused by the larger annual mean humidity (associated
with the warmer annual mean surface temperature) and
surface albedo in the Northern than in the Southern
Hemisphere. There is another peak of SW heating near
25 mb from ozone (more than 2 K day—1) that islargely
balanced by LW cooling throughout much of the strato-
sphere produced primarily by LW emission by carbon
dioxide and ozone. 2) Strong LW cooling (about 3 K
day-*) occurs near the equatorial surface, consistent
with the presence of the highest temperature and hu-

5 The contours in Figs. 6-12 are plotted using 300-mb resolution
in the troposphere (because |SCCP reports clouds in three pressure
categories) and 50-mb resolution in the stratosphere. Also, to smooth
the contours, a uniform 5-point moving average is applied in the
horizontal direction, leading to an effective resolution of 12.5° lati-
tude. Note that the magnitude of the heating rates depends on the
vertical and latitudinal resolutions. No calculations are reported be-
yond 57.5°S to 57.5°N latitudinal bands, because of the lack of win-
tertime optical thickness values.

midity. Very weak LW heating appears in the tropical
lower stratosphere, where carbon dioxide and ozone ab-
sorb LW radiation from the warmer troposphere (Free-
man and Liou 1979). 3) LW cooling dominates over
SW heating throughout the troposphere, being strongest
at the surface near the equator and decreasing with both
latitude and altitude. Thus, for clear-sky conditionswith
the temperatures established in the current (cloudy) cli-
mate, the vertical gradient of radiative heating rate tends
to stabilize the troposphere (stronger cooling at lower
altitudes), and the horizontal gradient tends to decrease
the forcing for the mean circulation (stronger cooling
at lower latitudes).

Figure 7 displays the 4-day-averaged CRE on the SW
and LW heating profiles (defined as the difference be-
tween the full-sky radiative heating profiles and the
clear-sky radiative heating profiles) by calculating the
flux divergence with a single average cloud layer as
done by Zhang et al. (1995) (MEAN). For shortwave
radiation, clouds, as areflector for the atmospheric layer
above and a shelter for the atmospheric layer below,
slightly decrease the SW heating of the lower part of
troposphere and increase the SW heating of the upper
part of troposphere and stratosphere and, hence, tend to
stahilize the atmosphere. For longwave radiation, clouds
slightly reduce the cooling of the tropical lower and
middle troposphere and the lower troposphere of mid-
latitudes 